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SOLID ROCKET MOTOR WITH VORTEX
INDUCING FEATURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present disclosure claims priority to U.S. Provisional
Patent Application No. 62/202,703, filed Aug. 7, 2015.

BACKGROUND

Solid rocket motors typically include a solid propellant
grain material that 1s cast around a core. The core 1s then
removed by sliding 1t out from the cast grain material,
leaving an open central bore. Ignition at the bore surface of
the solid propellant generates high pressure gas, which 1s
expelled from the bore through a nozzle to generate thrust.

SUMMARY

A solid rocket motor according to an example of the
present disclosure includes a propellant grain structure
defining an axial bore and a vortex inducing feature.

In a further embodiment of any of the foregoing embodi-
ments, the vortex inducing feature has a radial component
and 1s asymmetric to a radial cross section of the structure.

In a further embodiment of any of the foregoing embodi-
ments, the vortex inducing feature has a helical component
relative the axial bore.

In a further embodiment of any of the foregoing embodi-
ments, the vortex inducing feature 1s a plurality of off-radial
slots.

In a further embodiment of any of the foregoing embodi-
ments, each of the ofl-radial slots includes an open end at the
axial bore and a closed end distal from the axial bore, and
the closed end 1s circumierentially oflset from the open end.

In a further embodiment of any of the foregoing embodi-
ments, each of the off-radial slots defines a central axis that
1s non-intersecting with a central axis of the axial bore.

In a further embodiment of any of the foregoing embodi-
ments, the vortex inducing feature includes a plurality of
helical slots.

In a further embodiment of any of the foregoing embodi-
ments, the propellant grain structure defines a central axis
(A) and the axial bore defines a central axis (A2) that 1s
oflset from the central axis (A).

In a further embodiment of any of the foregoing embodi-
ments, the vortex inducing feature includes at least one
protuberance that projects into the axial bore.

In a further embodiment of any of the foregoing embodi-
ments, the protuberance extends along the axial bore.

In a further embodiment of any of the foregoing embodi-
ments, the protuberance 1s helical.

In a further embodiment of any of the foregoing embodi-
ments, the axial bore has a non-axisymmetric cross-section
at the at least one protuberance.

A further embodiment of any of the foregoing embodi-
ments includes a motor case 1 which the propellant grain
structure 1s disposed. The motor case has an mwardly
extending portion that has the at least one vortex inducing
feature.

A method according to an example of the present disclo-
sure mcludes burning a propellant grain structure 1n a solid
rocket motor. The propellant grain structure defines an axial
bore for tlow of combustion materials. A vortex flow of the
combustion materials 1s generated 1n the axial bore using at
least one vortex inducing feature.
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2

A further embodiment of any of the foregoing embodi-
ments 1ncludes reducing the vortex flow by burning or
ceroding the vortex inducing feature during the burning.

In a further embodiment of any of the foregoing embodi-

ments, the vortex tlow 1s about a central axis (A2) of the
axial bore.

BRIEF DESCRIPTION OF THE DRAWINGS

The various features and advantages of the present dis-
closure will become apparent to those skilled 1n the art from
the following detailed description. The drawings that
accompany the detailed description can be briefly described
as follows.

FIG. 1 illustrates an example of a solid rocket motor.

FIG. 2 illustrates an example of a vortex inducing feature
including off-radial slots.

FIG. 3 illustrates another example of a vortex inducing
teature including an ofl-center bore.

FIG. 4 illustrates another example of a vortex inducing
teature mncluding a protuberance formed or solid propellant
grain material that projects into the bore.

FIG. § illustrates another example of a vortex inducing
feature including a protuberance formed of non-energetic
material.

FIG. 6 illustrates another example of a vortex inducing
feature 1including helical protuberances.

FIG. 7 illustrates another example of a vortex inducing
feature 1including helical slots.

DETAILED DESCRIPTION

In solid rocket motors particles of solid propellant mate-
rial are released ito an axial bore where they react with
oxygen to generate high heat and pressure gas. The reac-
tants, such as the oxygen and the solid propellant material,
and the products of combustion are generally referred to
herein as combustion materials. The particles tend to flow
and concentrate along the center region of the bore. Oxygen
along the center region of the bore 1s thus rapidly consumed
by reaction with the particles, thus reducing oxygen con-
centration levels. Inversely, 1n the region near the outer walls
of the bore, the concentration of particles 1s lower 1n
comparison to the center of the bore, and there may thus be
higher oxygen concentration than in the center region. As
will be described herein, this disclosure relates to features
that promote mixing/distribution of particles 1n the bore, to
enhance contact with oxygen and improve combustion efli-
cl1ency.

FIG. 1 schematically 1llustrates a cross-section of selected
portions of an example solid rocket motor 20. The solid
rocket motor 20 generally includes a nozzle 22 and a solid
propellant section 24. In the example shown, the solid
propellant section 24 includes a forward end 24a and an aft
end 24b. The aft end 24b 1s 1n communication with the
nozzle 22. As will be appreciated, the solid rocket motor 20
may include additional components related to the operation
thereof, which are generally known and thus not described
herein.

The solid propellant section 24 1includes a solid propellant
grain structure 26 (hereafter “structure 26”°). As an example,
the structure 26 1s formed of a solid propellant grain mate-
rial. The solid propellant grain material 1s not particularly
limited. Typically, the solid propellant grain material
includes a binder and a solid energetic, such as aluminum
metal. The solid propellant grain material 1s molded or
otherwise formed 1nto a shape, which constitutes the struc-
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ture 26. The structure 26 defines an elongated axial bore 28.
The structure 26 1s generally disposed within a motor case
30 about a central axis A.

Upon 1gnition the solid energetic reacts (e.g., burns with
oxygen) to produce high temperature and high pressure gas
(combustion gas). The combustion gas causes release of
particles of the solid energetic from the structure 26 into the
bore 28. The particles react to produce additional combus-
tion gas. The combustion gas tlows down the bore 28 and
discharges through the nozzle 22 to produce thrust.

The rocket motor 20 1includes at least one vortex inducing,
teature 32 that 1s configured, for example, to generate a
vortex tlow (V) i the bore 28. The vortex flow V may
reduce particle collisions along the central region of the bore
28, redistribute particles to oxygen-rich radially outer
regions ol the bore 28, and increase flow path length of the
particles, each of which may enhance combustion efliciency.

FIG. 2 shows a cross-section through a portion of the
structure 26. In this example, the structure 26 defines a
plurality of off-radial slots 34 that together provide or
constitute the vortex inducing feature 32. Each of the
ofl-radial slots 34 has a central axis A, and includes an open
end 34q at the bore 28 and a closed end 34b that 1s distal
from the bore 28. The closed end 345b 1s circumierentially
oflset, as represented at 36, from the open end 34a such that
the slots 34 and bore 28 form a “piwheel” type shape. For
instance, the circumierential offsets 36 are equivalent in
magnitude and are 1n a common circumierential direction,
1.e., clockwise or counter-clockwise with respect to the
central axis A,. Thus, the central axes A, deviate from a pure
radial direction (r) with regard to a central axis A, of the bore
28 such that the central axes A, of the slots 34 are non-
intersecting with the central axis A, of the bore 28 (which 1n
this example 1s co-axial with the central axis A of the
structure 26).

In the 1llustrated example, the central axes A, are sub-
stantially linear. Alternatively, the central axes A, could be
rectilinear, curved, or combinations thereof, as long as the
direction of the central axis A, at the open end 34a 1is
non-intersecting with the central axis A,.

Upon 1gnition the surfaces of the structure 26 within the
slots 34 release a flow of particles of solid energetic and
combustion gas. The slots 34 direct that tflow radially
inwardly toward the bore 28 with a tangential velocity.
Because the slots 34 deviate from the pure radial direction,
the ejection of the flow from the slots 34 1n to the bore 28
produces a vortex flow (V) about the central axis A, of the
bore 28. The vortex flow centrifugally drives at least a
portion of the particles of energetic material toward the
oxygen-rich, radially outer region of the bore 28. Thus, the
tendency of the particles to concentrate along the central
region of the bore 28 i1s reduced, to enhance combustion
eiliciency.

FIG. 3 illustrates another example structure 126 and
vortex inducing feature 132. The structure 126 defines an
clongated axial bore 128 and slots 134 that extend off of the
bore 128. In this disclosure, like reference numerals desig-
nate like elements where appropriate and reference numerals
with the addition of one-hundred or multiples thereof des-
ignate modified elements that are understood to incorporate
the same features and benefits of the corresponding ele-
ments. In this example, the slots 134 may be pure radial slots
or ofl-radial slots. The vortex inducing feature 132 is that the
bore 128 1s off-center with respect to the central axis A of the
structure 126. That 1s, the central axis A, of the bore 128 1s
offset from the central axis A of the structure 126 (i.e.,
non-coaxial). In this regard, the central axes A, of the slots
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134 are non-intersecting with the central axis A, of the bore
128. In a turther example, the central axes A, of the slots 134
are 1ntersecting with the central axis A of the structure 126.
Thus, the flow of particles and combustion gas discharged
from the slots 134 into the bore 128 produce a vortex tlow

(V) about the central axis A, of the bore 128.

FIG. 4 shows a representative portion of another example
of a structure 226 and vortex inducing feature 232. In this
example, the vortex inducing feature 232 1s a protuberance
240 that projects radially into the bore 228, i.e., the protu-
berance has a radial component. The protuberance 240 may
have an acrodynamic shape to more efliciently alter or direct
flow 1n the bore 228. The protuberance 240 1s integrally
tformed with the structure 226 and 1s thus formed of the solid
propellant grain maternal. The cross-section of the bore 228
at the protuberance 240 1s non-axisymmetric with respect to
the central axis A, of the bore 228. That 1s, the protuberance
240 1s asymmetric to a radial cross section of the structure
226. The protuberance 240 thus disrupts tlow along the bore
228 to produce a vortex tlow V about the axis A, down-
stream of the protuberance 240. As will be appreciated, the
structure 226 may 1nclude additional protuberances 240 that
are axially spaced along the bore 228. Additionally, the
protuberances 240 may be located at diflerent circumieren-
tial positions around the bore 228, to further promote vortex
formation, mixing, and distribution of the particles. Addi-
tionally, since the protuberance 240 1s formed of the solid
propellant grain matenal, the protuberance 240 1s consumed
during burning. Therefore, the effect of the vortex tlow 1s
greatest during an early portion of the burn of the rocket
motor 20 and diminishes as the protuberance burns away,
which reduces potential for roll torque after the early burn.

FIG. 5 shows a representative portion of another example
vortex inducing feature 332. In this example, the vortex
inducing feature 332 1s also a protuberance 340 that projects
into the bore 328. However, rather than being formed
integrally with the propellant grain structure 326, the pro-
tuberance 340 1s formed of an 1nert or non-energetic mate-
rial. For example, the protuberance 340 1s a portion of the
motor case 30. In this example, the motor case 30 includes
an mwardly extending portion 30a that includes the protu-
berance 340 that protrudes into the bore 328. Similar to the
protuberance 240, the protuberance 340 disrupts flow along
the bore 328 to form a vortex flow V downstream of the
protuberance 340. Unlike the protuberance 240, the protu-
berance 340 1s not formed of the solid propellant grain
material. However, 1n one further example, the protuberance
340 1s formed of an ablative material that erodes during an
carly portion of the burn of the rocket motor 20. The
protuberance 340 thus diminishes and reduces potential for
roll torque after the early burn.

FIG. 6 illustrates another example of a vortex inducing
feature 432. In this example, the flow perturbation feature
432 1s a protuberance 440 that 1s formed ntegrally with the
structure 426. The protuberance 440 has a helical component
relative the bore 428. For instance, the protuberance 440 has
a helical shape that extends about the central axis A, of the
bore 428. Alternatively, the protuberance 440 or sections of
the protuberance 440 could be formed of the ablative
material rather than the solid propellant grain material. As
the particles and combustion gas flow along the bore 428,
the helical protuberance 440 swirls the tlow to produce a
vortex flow (V) about the central axis A,. As described
above, the protuberance 440 may be consumed or may be
eroded during an early portion of the burn of the rocket
motor 20.
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FIG. 7 1illustrates another example structure 526 and
vortex inducing feature 532. In this example, the vortex
inducing feature 532 includes helical slots 534. The helical
slots 534 each form a helix shape about the central axis A,
of the bore 528. The particles and combustion gas dis-
charged from the slots 534 thus swirls around the central
axis A, of the bore 528 to produce a vortex flow (V).

The examples herein also represent a method that includes
burning the propellant grain structure 26/126/226/326/426/
526 1n the solid rocket motor 20 and generating a vortex tlow
(V) of the combustion maternals in the bore 28/128/228/328/
428/528 using at least one vortex inducing feature 32/132/
232/332/432/532. As described, the method may further
include reducing the vortex flow by burning or eroding the
vortex mducing feature 32/132/232/332/432/532 during the
burning.

Although a combination of features 1s shown in the
illustrated examples, not all of them need to be combined to
realize the benefits of various embodiments of this disclo-
sure. In other words, a system designed according to an
embodiment of this disclosure will not necessarily include
all of the features shown 1n any one of the Figures or all of
the portions schematically shown in the Figures. Moreover,
selected features of one example embodiment may be com-
bined with selected features of other example embodiments.

The preceding description 1s exemplary rather than lim-
iting in nature. Varnations and modifications to the disclosed
examples may become apparent to those skilled 1n the art
that do not necessarily depart from this disclosure. The
scope of legal protection given to this disclosure can only be
determined by studying the following claims.

What 1s claimed 1s:

1. Amethod comprising: burning a propellant grain struc-
ture 1n a solid rocket motor, the propellant grain structure
defines an axial bore for flow of combustion materials and
defines a propellant grain central axis (A), and the axial bore
defines an axial bore central axis (A, ) that 1s offset from, and
parallel to, the propellant grain central axis (A); and

generating a vortex tlow of the combustion materials in

the axial bore using a vortex inducing feature that
includes a plurality of linear off-radial slots each defin-
ing a central axis that 1s non-intersecting with the axial
bore central axis (A,), the linear off-radial slots are
evenly distributed around the axial bore so as to form
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a pinwheel shape 1n which respective opens ends of the
linear off-radial slot at the axial bore are uniformly
spaced around the axial bore and respective closed ends
of the linear off-radial slots are circumierentially offset
by an angle from a respective radial axis passing
through the axial bore central axis (A,) and the corre-
sponding open end, wherein each closed end 1s circum-
ferentially offset in the same circumierential direction,
the linear off-radial slots upon burning of the propellant
grain structure directing flow of particles of solid
energetic and combustion gas radially inwardly toward
the axial bore such that ¢jection of the flow in to the
axial bore produces a vortex flow about the axial bore

central axis (A,).

2. A solid rocket motor comprising;:

a propellant grain structure defining an axial bore; and

a vortex inducing feature including a plurality of linear

off-radial slots each defining a central axis that is
non-intersecting with an axial bore central axis (A,),
the linear off-radial slots being evenly distributed
around the axial bore so as to form a pinwheel shape 1n
which respective open ends of the linear ofl-radial slot
at the axial bore are uniformly spaced around the axial
bore and respective closed ends of the linear off-radial
slots are circumierentially oflset by an angle from a
respective radial axis passing through the axial bore
central axis (A,) and the corresponding open end,
wherein each closed end 1s circumierentially offset in
the same circumierential direction.

3. The solid rocket motor as recited 1in claim 2, wherein
propellant grain structure defines a propellant grain central
axis (A), and the axial bore central axis (A,) 1s offset from,
and parallel to, the central axis (A).

4. The solid rocket motor as recited 1in claim 2, wherein
the linear ofi-radial slots have opposed parallel straight
sides.

5. The solid rocket motor as recited 1n claim 2, wherein,
upon burning of the propellant grain structure in the linear
off-radial slots, the linear off-radial slots direct flow of
particles of solid energetic and combustion gas radially
inwardly toward the axial bore such that ejection of the tlow
in to the axial bore produces a vortex tlow about the axial

bore central axis (A,).

G o e = x
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